Melt blowing is commonly used to convert polymer resin directly into nonwoven fabrics of superfine fibers. Further decrease of the fiber diameter will improve the filtration and adsorption properties remarkably and thus has been appealing to the researchers. Besides the dual slot die, the annular die is utilized to manufacture superfine fibers in the melt blowing process as well. In the dual slot die, the high velocity air flow from both sides of the polymer melt. However, the air encircles the polymer melt entirely in the annular die, which is in favor of the polymer drawing and thus manufacture of nanofibers. In this paper, the air flow field model of the annular die is established and solved numerically. The polymer drawing with the melt blowing annular die is modeled and simulated by introducing the simulation results of the air flow field. The predicted fiber diameters coincide with the experimental data. Effects of the polymer flow rate and initial air velocity on the fiber diameter are also explored. The results show good perspective of using melt blowing technology to manufacture nanofibers materials because melt blowing has a higher output than electrospinning.
INTRODUCTION
Melt blowing is commonly used to convert polymer resin directly into nonwoven fabrics of superfine fibers. In this process, high velocity hot air impacts upon the polymer melt extruded from a spinneret and the polymer melt is then quickly drawn into superfine fibers. Further decrease of the fiber diameter will improve the filtration and adsorption properties remarkably and thus has been appealing to the researchers. Besides the dual slot die, the annular die shown in Figure 1 is utilized to manufacture superfine fibers in the melt blowing process as well. In the case of the dual slot die, the high velocity air flows from both sides of the polymer melt. However, the air encircles the polymer melt entirely in the case of the annular die, which is in favor of the polymer drawing and thus manufacture of nanofibers. Because nanofibers have excellent filtration and adsorption properties and melt blowing has a higher output than electrospinning, melt blowing has good perspective in the manufacture of nanofibers. The fiber diameter of nonwoven fabrics is affected by the air flow field produced by the die. In our previous paper [1, 2] , the polymer drawing model based on the numerical simulation results of the air flow field in the melt blowing process was established. The predicted fiber diameters agreed well with the measured results. However, our previous researches mainly focused on the air flow field produced by the dual slot dies (both blunt and inset) [1, 2] . In this paper, the air flow field model of the annular die will be established and solved numerically. The polymer drawing with the melt blowing annular die will be modeled and simulated by introducing the simulation results of the air flow field. Effects of the polymer flow rate and initial air velocity on the fiber diameter will also be studied.
AIR JET FLOW FIELD MODEL
The air flow field model of the annular die in the melt blowing process is established. The flow of two air jets is assumed to be two-dimensional, steady and viscous. The widely used turbulence model, the k- model, is the preferred turbulence model which is able to realize accurate simulations. The air flow field model consists of six equations, i.e. the continuity equation, momentum equation, energy equation, turbulent kinetic energy equation, turbulent dissipation rate equation and boundary conditions. The Computational Fluid Dynamics software Fluent is employed to achieve the numerical simulation. The boundary conditions are as follows. Because the air flow field is symmetrical along the system centerline (x-axis), half of the plane is selected as the simulation area. The upstream boundary is on the nosepiece of the die. The downstream boundary is assumed to be far enough from the die. The boundaries far enough from the system centerline are the outer boundaries in y direction. The boundary conditions are given below.
(1) The conditions of upstream sections without inlet are:
where u a is the x-component of air velocity, v a is the y-component of air velocity,  a is the air temperature, k a is the turbulent kinetic energy of air,  a is the turbulent dissipation rate of air.
The conditions of upstream sections with inlet are:
where u j0 is the x-component of initial air velocity, v j0 is the y-component of initial air velocity,  j0 is the initial air temperature.
(2) Downstream section:
(4) Outer boundaries:
where  am is the ambient temperature.
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The computational domain is a rectangle where the coordinate origin is at the center of the die head. The x direction is along the system centerline. The length (x-direction) and width (y-direction) of the computational domain are 200 mm and 80 mm, respectively. There are 200 grids in x direction and 150 grids in y direction.
The melt blowing nonwoven equipment with the annular die in Shanghai JR Filtration Materials Corporation Limited is employed in this research. The die parameters are as follows. The outside diameter, h, is 2.40 mm. The inside diameter, f, is 1.28 mm. The die length, l, is 28 mm. The initial air velocity is 400 m/s. The initial air temperature is 350°C.
The velocity vectors of the air flow field are shown in Figure 2 . It can be seen that the air velocity in the annular exit is very large and the air flow direction parallels the annular exit on the whole. Then the air streams converge along the system centerline and reach its maximum. With the increase of the distance along the x-axis, the air velocity decreases gradually. Figure 3 gives the temperature contours of the air flow field. It can be found from the figure that there is a region of high air temperature just near the die, which is in favor of the polymer drawing. The maximum temperature can be seen on the annular die. The air temperature decreases along the x-axis similar with the evolution of the air velocity. 
SIMULATION OF THE POLYMER DRAWING
The polymer drawing model in the melt blowing process established in our previous paper [1] is employed to predict the fiber diameter of melt blown nonwoven fabrics produced by the annular die. The numerical simulations of the air flow field give the distribution of the x-component of air velocity u a and air temperature  a along the x-axis. The polymer drawing model is solved using the Runge-Kutta method. The spinneret whole diameter is 0.35 mm. The polymer used is polypropylene with the melt flow rate of 1200 g/10 min. The initial polymer temperature is 320°C. The initial air temperature is 350°C. Effects of the polymer flow rate and initial air velocity on the fiber diameter are also studied. The polymer flow rates are 0.0005, 0.0010 and 0.0015 g/s. The initial air velocities are 300, 400 and 500 m/s. The image analysis method is employed to measure the fiber diameter. Nonwoven images are acquired using a XTL-1 video frequency microscope. Please find details of the diameter measurement in our previous research [3] . Diameters of one hundred fibers are measured and averaged to obtain the mean fiber diameter of the nonwoven sample.
The varied processing parameters, mean values and standard deviations of measured fi ber diameters, predicted fiber diameters and prediction errors are shown in Table 1 . From Table 1 , it can be found that Sample 3 has the maximum prediction error of 14.45% and Sample 1 has the minimum prediction error of 11.31%. The mean prediction error is 13.05% indicating that the predicted fiber diameters fit with the measured fiber diameter, which proves the effectiveness of the polymer drawing model in predicting fiber diameters produced by the melt blowing annular die. Effects of the initial air velocity and polymer flow rate on the fiber diameter are also studied. Figure 4 illustrates how variations of the initial air velocity result in changes of fiber diameter. As can be found, the larger the initial air velocities are, the finer the fibers are. The large air velocity (500 m/s) causes a fiber diameter of 173 nm which is only about 20% of the fiber diameter of 875 nm for the small air velocity of 300 m/s. Figure 5 shows the effects of the polymer flow rate on the fiber diameter. As can be seen, decreasing the polymer flow rate can yield finer fibers. As for the conditions in this research, the fiber diameter of 332 nm for a polymer flow rate of 0.0005 g/s is only 37% of the fiber diameter of 896 nm for the high polymer flow rate (0.0015 g/s). To achieve a higher output of nanofibers, the technology combination of a larger initial air velocity with a larger polymer flow rate will be preferred in practical productions. The predicted fiber diameters are also given in Figure 4 and Figure 5 . Both figures show that the predicted diameters tally well with the measured diameters, which confirms the effectiveness of the polymer drawing model for predicting the nanofiber fabrication with the melt blowing annular die. By the use of this model, the fabrication technology of nanofiber with the annular die can optimized and thus achieved finer nanofibers. This will be our future research subject.
CONCLUSIONS
The annular die is utilized to manufacture nanofibers in the melt blowing process. The air flow field model of the annular die is established and solved numerically. Simulation results show the distributions of air velocity and air temperature are in favor of the polymer drawing. Then the polymer drawing with the melt blowing annular die is modeled and simulated by introducing the simulation results of the air flow field. The fiber diameters of nonwoven fabrics are measured with an image analysis technique. Model predictions of fiber diameters are compared with the measured fiber diameters. The mean prediction error is 13.05% indicating that the predicted fiber diameters fit with the measured fiber diameter. Effects of the polymer flow rate and initial air velocity on the fiber diameter are explored. It is found that both larger initial air velocity and smaller polymer flow rate can produce finer nanofibers. But to achieve a higher output of nanofibers, combination of a larger initial air velocity with a larger polymer flow rate will be the preferred technology. The results show good perspective of using melt blowing technology to manufacture nanofibers and the established model can be employed to optimize the fabrication technology of nanofiber with the melt blowing annular die. 
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